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(57) Abstract 

This invention is cardioplegia heat exchanger including a hollow casing 
(12)Avith a heat exchanger (14), and a bubble trap (16). The device also 
includes an air release port (20). TTie bubble trap (16) is located at the top of 
the heat exchanger (14). The device may also have a bubble trap (16) with a 
downwardly sloping bottom wall (58), and an air release port (20) positioned 
downstream of a microporous screen (30). The bubble trap (16) may have 
a vertical cross-sectional area increasing towards the blood outlet (24), and 
a drain horizontal cross-sectional area (DCSA) decreasing towards tiie blood 
outlet (24). The device has the following ratios: DCSA to the effective heat 
exchanger cross-sectional area (EHECSA) is from about 3.6 to about 11.8, 
open cross-sectional area (OCSA) to DCSA is from about 1.4 to about 23, 
and OCSA to EHECSA is from about 8.1 to about 17.0. 
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. CARDIOPLEGIA HEAT EXCHANGER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention is related generally to the field of heat exchangers 
5 for use in the medical field. In particular, it relates to heat exchangers for - 
use in cardioplegia fluid delivery. 

2. Description of the Related Art 

During open heart surgery it is desirable to arrest the heart 
10 allowing the surgeon to perform delicate medical procedures. The 
heart may be protected during open heart surgery by using a cold 

« 

cardioplegia fluid. The cardioplegia fluid typically consists of a 
crystalloid chemical solution along with blood so that the heart can 
continue to receive nutrients and oxygen during the process. The cold 
15 cardioplegia fluid is delivered to the heart at a temperature of typically 
0 to 15 degrees C. The cardioplegia fluid is cooled by using a 
cardioplegia heat exchanger. 

Prior to use, the cardioplegia system is filled with an isotonic 
priming solution to remove air from the system. The priming solution 
20 needs to be kept to a minimum to reduce the dilution of the patient's 
blood system by the priming fluid. Therefore it is beneficial to reduce the 
overall priming volume of the cardioplegia heat exchanger as well as the 
attached fluid lines. 

-» . 

The cardioplegia fluid may at times contain gas bubbles 
25 introduced into the fluid left over from the priming process, through 
turbulence, or driven off during the heat exchange process. These gas 
bubbles need to be removed from the cardioplegia fluid before reaching 
the patient. Some cardioplegia heat exchangers include a bubble trap to 
accumulate and release these gas bubbles from the cardioplegia fluid. In 
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addition, some bubble traps position a microporous screen in the fluid 
flow path to help separate gas bubbles from the cardioplegia fluid. 

A new and useful cardioplegia heat exchanger is needed that 
overcomes the problems associated with conventional cardioplegia heat 
5 exchangers by providing a safer, easier to manufacture, easier to use, 
and compact cardioplegia heat exchanger. 

In general, prior art cardioplegia heat exchangers either 
completely lack a bubble trap, or the bubble trap design is inadequate. 
Design problems found in existing bubble traps include: a) excessive 

10 surfaces in the bubble trap allowing gas bubbles to accumulate adong 
various edges and surfaces, particularly substantially horizontal surfaces; 
b) inadequate entrapped gas separation from the fluid flow path allowing 
the entrapped gas to be drawn down the cardioplegia fluid outlet line; c) 
inability to remove gas bubbles downstream of the screen; d) abrupt 

15 changes in flow direction causing possible air entrapment due to 

turbulence or causing damage to the red blood cells, particularly in the 
drain area; and e) off center air release ports causing inefficient use of 
bubble trap priming volume and creating additional gas bubble 
accumulating surfaces. 

2 0 Some cardioplegia heat exchangers do not provide for an optional 

screen, particularly hollow tube heat exchangers. Hollow tube heat 
exchangers require potting and trimming during manufacture. These 
processes do not allow parts that extend beyond the end of the heat 
exchanger to be fluidly sealed with the potting compound to the heat 

25 exchanger due to the trimming process. In addition, the trimming process 
leaves the edges of the heat exchanger uneven making a fluid tight seal 
difficult to obtain at the exit of the heat exchanger. The trimming process 
also creates an inconsistent length in the heat exchanger creating an 
inconsistent distance between the end of the heat exchanger and the 
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bubble trap cap, to which the opposite end of the screen would need to 
be attached In a fluid tight manner. 

Another problenri is that use of a screen reduces the volume of the 
bubble separation chamber of the bubble trap. Any gas bubbles that are 
5 introduced into or are separated from the fluid downstream of the screen 
cannot be easily removed. This may particularly occur if the bubble trap 
fills with gas or air to a point betow the level of the screen. The fluid 
beneath the air or gas seeks a level top surface causing the air or gas to 
fill part of the area below the screen trapping the air below the screen. 
1 0 The gas bubbles cannot pass back through the wet screen to the air 
release port. Therefore, gas bubble clearing is limited to the volume 
upstream of the screen. 

Another problem is that some cardioplegia heat exchangers use 
materials that are not biocompatable requiring special coatings causing 
15 increased cost of manufacture. 

Another problem is that gas bubbles may become entrapped in 
the entrance of cardioplegia heat exchangers upstream of the heat 
exchange tubes. Hollow heat exchanger tubes have small openings, 
therefore, the gas bubbles may be too large to enter the hollow tubes 
20 causing gas bubbles to accumulate and block the entrances to the 
hollow tubes reducing heat exchanger efficiency and increasing the 
pressure drop of the cardioplegia fluid. 

Another problem is that the flow through cardioplegia heat 
exchangers may be turbulent to increase heat exchange efficiency. 
25 However, turbulent flow causes gas bubbles to be entrapped in the fluid 
and also causes sheer forces in the cardioplegia fluid causing hemolysis. 

Another problem with cardioplegia heat exchangers is that 
attachment of fluid lines may be confusing, particularly if the flow paths 
are not easily apparent. 
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Another problem is cardioplegia heat exchangers may not be 
ergonomicaliy designed, particularly long or large cardioplegia heat 
exchangers. Operating rooms continue to be crowded with equipment, 
long or bulky heat exchangers take up valuable space as well as require 
5 longer fluid lines increasing the necessary priming volume of the 
cardioplegia delivery system. 

SUMMARY OF THE INVENTION 

It is an object of the heat exchanger in accordance with the 

10 present invention to solve the problems outlined above that have 

heretofore inhibited the successful temperature control of cardioplegia 
fluid. 

More particularly, the device in accordance with the present 
invention provides for a safer, cost effective, easier to use, compact, heat 
15 exchanger. 

The unique device in accordance with the present invention 
broadly includes a hollow casing with a heat exchanger and a bubble 
trap. The device has blood inlet and outlet ports, water inlet and outlet 
ports and an air release port. The device has a plurality of hollow heat 
20 exchange tubes potted within the heat exchanger. The bubble trap is 
located at the top end of the heat exchanger and extends annularly 
about and partially below the blood outlet end of the heat exchanger. 

The device may also have a bubble trap with a downwardly 
sloping bottom wall. 

25 The device also provides for an optional microporous screen 

positioned in the bubble trap. - 

The device may also provide an air release port positioned 
downstream of the microporous screen. 

The device may also provide a temperature port and a pressure 
30 monitor port. 
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The device may also include an air bolus release port upstream of 
the heat exchanger portion. 

The plurality of hollow heat exchange tubes may be knitted 
together in a substantially parallel spaced apart relationship forming 
5 layers of stacked substantially parallel plies, thereby formed into a hollow 
tube mat and a heat exchanger bundle. 

The bubble trap may have a vertical cross sectional area 
Increasing towards the blood outlet and a drain horizontal cross sectional 
area decreasing towards the blood outlet. 

10 One advantage of the present invention is that the device provides 

improved gas separation from the cardioplegia fluid while maintaining low 
priming volume. The present invention provides an upward cardioplegia 
flow pattern towards the air release port helping gas bubbles migrate to 
the top of the bubble trap. The present invention provides a centrally 

15 located air release port directly over the blood outlet end of the heat 
exchanger which provides more efficient use of priming volume and 
reduces unnecessary surfaces. The inlet water port and outlet water port 
are both located below the bubble trap to allow the air release port to be 
located directly over the blood outlet end of the heat exchanger and 

2 0 creates a larger open cross sectional area. 

The present invention also provides a rapid reduction in flow rate 
as the cardioplegia fluid exits the heat exchanger and enters the bubble 
trap. The ratio of the open cross sectional area to the effective heat 
exchanger cross sectional area of from about 8.1 to about 17.0 provides 

25 improved gas separation. The present invention also provides a larger 
drain cross sectional area for gas bubbles to float upward to the top of 
the bubble trap as the cardioplegia fluid flows downward. The ratio of the 
drain cross sectional area to the effective heat exchanger cross sectional 
area of from about 3.6 to about 1 1 .8 provides improved separation of the 

30 gas bubbles from the cardioplegia fluid. The present invention also 
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provides a ratio of the open cross sectional area to the drain cross 
sectional area of about 1 .4 to about 2.3 which provides a smooth 
transition of flow from the open area to the drain. 

The location of the bubble trap portion above, around, and 
5 partially beneath the blood outlet end of the heat exchanger portion 
provides improved gas separation while maintaining low prime volume. 
The large open cross sectional area due in part to the lack of 
obstructions possibly caused by heat exchanger tubes extending through 
the bubble trap in combination with the large drain cross sectional area 

10 due in part to the annular channel circumscribing the heat exchanger 
provides improved gas separation while maintaining low prime volume. 

The location of the optional screen about the circumference of the 
heat exchanger below the outlet end of the heat exchanger also 
improves gas separation while maintaining prime volume. Locating the 

15 screen low in the bubble trap provides more bubble trap volume 

upstream of the screen without increasing priming volume. Providing 
more volume upstream of the screen allows more time for any gas 
bubbles to separate from the cardioplegia fluid before the fluid passes 
through the screen. Providing more volume upstream of the screen also 

20 allows a larger air volume without forcing air into the area below the 
screen. If a large volume of air forces the level of the liquid to a point 
below the screen, air may become trapped below the screen. Placing the 
screen low in the bubble trap provides for more air volume before air is 
forced below the screen. 

25 Another advantage is that the device has an easy to see bottom to 

top cardioplegia fluid flow pattern. The bottom to top flow pattern allows 
easier use through easier priming and less complicated fluid line 
attachment. In addition, the present device provides an easy to see flow 
pattern allowing observation of the fluid path. The ability to observe the 

30 fluid allows the detection of gas bubbles before they leave the heat 
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exchanger allowing easier removal of the gas bubbles before they reach 
the patient. 

Another advantage is that the device reduces the accumulation of 
gas bubbles along the surfaces of the bubble trap. The present invention 
5 limits the surfaces on which gas bubbles may accumulate by providing a 
bubble trap without additional surfaces caused by either heat exchanger 
tubes extending through the bubble trap portion or unusually shaped air 
release passages caused by air release ports located on the side of the 
bubble trap, or not directly over the heat exchanger. The present 

10 invention also limits unnecessary substantially horizontal surfaces by 
reducing the number of heat exchange tubes and increasing their length 
thereby reducing the necessary heat exchanger cross sectional area 
while maintaining heat exchanger efficiency. Configuring the hollow heat 
exchange tubes into a hollow tube mat and a heat exchanger bundle 

15 reduces the number of heat exchange tubes and the heat exchanger 
cross sectional area needed to provide efficient heat exchange, which 
reduces unnecessary substantially horizontal surfaces. The reduction in 
heat exchanger cross sectional area reduces the size of the bubble trap 
cap thereby reducing horizontal surface area. The smaller bubble trap 

20 cap also allows the cap to be a more spherically shaped, which is simpler 
and more efficient while maintaining low prime volume. 

Another advantage is that the device provides for an optional 
screen. The present invention provides for an optional screen, in 
particular, a screen adapted for a hollow tube heat exchanger. The 

25 present invention overcomes fluid tight attachment problems of previous 
cardioplegia heat exchangers by attaching the screen at the bottom edge 
of the bubble trap portion around the outside of the heat exchanger. The 
outside circumference of the present heat exchanger is provided with an 
edge to provide a base that provides a fluid tight seal and is also a 

30 consistent distance from the point of connection of the top part of the 
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screen also allowing a consistent fluid tight seal of the top portion of the 
screen. The device may be easily assembled with or without the screen. 

Another advantage is that the device provides a larger volume 
bubble separation chamber. The location of the screen low in the bubble 
5 trap portion increases the volume upstream of the screen for bubble 
separation. In addition, the bubble trap volume downstream of the screen 
also provides for the release of gas bubbles due to the post screen air 
release port. The post screen air release port allows for the easy 
removal of gas bubbles downstream of the screen. 

10 Another advantage is that the materials used in the device are 

biocompatable. The present invention uses biocompatable polyurethane 
heat exchange tubes and other biocompatable materials. These 
materials are less harmful to the blood in the cardioplegia fluid. 

Another advantage is that the device provides for the release of 

15 entrapped gas upstream of the heat exchange tubes. The present 

invention may include an air bolus release port. Entrapped gas bubbles 
may be released through the air bolus release port increasing safety and 
improving heat exchange efficiency. 

Another advantage is that the bubble trap and drain may provide 

20 for less turbulent flow of the cardioplegia fluid particularly as the fluid 
exits the bubble trap. The device may provide a gradually sloping bubble 
trap bottom wall to the drain reducing turbulence in the cardioplegia fluid 
as the fluid exits the bubble trap. 

Another advantage is that the device reduces the damage to the 

25 blood. Hollow heat exchange tubes minimize the surface area of the 
heat exchanger, which decreases platelet and fibrinogen aggregation 
and reduces hemolysis. A gradually sloping bubble trap bottom wall 
reduces turbulence, which reduces unnecessary shear forces that cause 
hemolysis. 
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Another advantage is that the device provides for easy attachment 
of fluid lines. The device has an easy to follow bottom to top cardioplegia 
flow pattern and the flow is observable throughout the device. This 
bottom to top arrangement simplifies the fluid line attachment. The 
5 device may also have a blood outlet line clip that holds the blood outlet 
(cardioplegia fluid) line in a substantially parallel relationship with the 
blood inlet line making fluid line attachment easier. 

Another advantage is that the device provides reduced cost of 
manufacture. The device uses polyurethane hollow heat exchanger 
10 tubes instead of stainless steel parts eliminating the need for special 
coatings and metal fabrication reducing the cost of manufacture. 

Another advantage is that the device is compact In design. The 
device provides a unique combination of number, length, and size of 
hollow heat exchanger tubes in combination with a bubble trap that 
15 balances the requirements of improved gas bubble separation while 
maintaining low priming volume and reducing the overall size of the 
device. 

These and other objects and advantages of the present invention 
will become apparent during the course of the following detailed 
2 0 description and appended claims. The invention may best be 

understood with reference to the accompanying drawings, wherein an 
illustrative embodiment is shown. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Figure 1 is a side view of the assembled device. 

Figure 2 is a side cross sectional view of the device. 

Figure 3 is an exploded perspective view of the device. 

Figure 4 is a side cross sectional view of the main portion of the 
device. 

30 Figure 5 is a perspective view of the bubble trap cap of the device. 
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Figure 6 is a side cross sectional view of the bubble trap cap of 
the device. 

Figure 7 is a perspective view of the bottom cap of the device. 
Figure 8 is a perspective view of the frame of the screen of the 
5 device. 

Figure 9 is a perspective view of the screening of the screen of the 
device. 

Figure 1 0 is a partial view of the hollow tube mat of the device 
detailing the weft knitting. 
10 Figure 11 is a partial cross sectional view of the heat exchanger 

bundle of the device. 

Figure 12 is a partial cross sectional view of a second 
embodiment of the device. 

Figure 1 3 is a cross sectional view of the bubble trap portion of the 
15 device showing the open cross sectional area. 

Figure 14 is a cross sectional view of the bubble trap portion of the 
device showing heat exchanger cross sectional area. 

Figure 15 is a cross sectional view of the bubble trap portion of the 
device showing the effective heat exchanger cross sectional area. 
20 Figure 16 is a cross sectional view of the bubble trap portion of the 

device showing the drain cross sectional area. 

Figure 1 7 is a cross sectional view of the device showing the 
vertical cross sectional area. 



25 DETAILED DESCRIPTION OF THE INVENTION 
GENERAL ASSEMBLY 

Referring to Figs. 1-17, the cardioplegia heat exchanger 10 in 
accordance with the present invention broadly includes a casing 12, a 
heat exchanger portion 14, a bubble trap portion 16, a plurality of hollow 

3 0 heat exchange tubes 1 8, a main air release port 20, a blood inlet port 22, 



INSDOCIO: <WQ 



.0025843A1J_> 



wo 00/25843 



PCT/US99/25620 



11 

a blood outlet port 24, an inlet water port 26, and an outlet water port 28. 
The cardioplegia heat exchanger 10 may also include a screen 30, a 
post screen air release port 32, a temperature port 34, a pressure 
monitor port 36, an air bolus release port 38, and a blood outlet line clip 
5 66. 

THE CASING 

Referring particularly to Figures 1 and 2, the casing 12 has a top 
end 98 and a bottom end 1 00 and is preferably molded from any plastic 
10 or synthetic resin material which is sufficiently rigid and strong upon 

curing such as polycarbonate, polyester, or other suitable materials. The 
casing 12 is preferably rnolded in three parts, a main section 40, a 
bubble trap cap 42, and a bottom cap 44. The three parts may be 
assembled and fluidly sealed together to fomn the casing 12. 

15 

MAIN SECTION 

Referring particularly to Figure 4, the main section 40 has a top 
end 48 and a bottom end 50 and is generally a hollow cylindrical tube 
defining the heat exchanger portion 14 and a generally annular ring 60 

2 0 attached to the top end 48 of the main section 40 circumscribing the 
hollow cylindrical tube defining the bubble trap bottom section 46. The 
annular ring 60 joins with the bubble trap cap 42 to form an annular 
channel 1 02 as shown in Figure 2. The temperature port 34 is an 
opening defined in the bubble trap bottom section 46, and the inlet and 

2 5 outlet water ports 26, 28 are both openings defined in the side of the 
main section 40 in the heat exchanger portion 1 4. 

HEAT EXCHANGER PORTION 

Referring particularly to Figure 2, the heat exchanger portion 14 
30 contains a plurality of hollow heat exchange tubes 18 potted within the 
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heat exchanger portion 14. The heat exchanger portion 14 has a blood 
inlet end 52 corresponding to the bottom end 50 of the main section 40 
and a blood outlet end 54 corresponding to the top end 48 of the main 
section 40. The hollow heat exchange tubes 18 are sealed with potting 
5 compound 78 at the top end 48 and bottom end 50 of the main section 
40. The potting compound 78 forms a fluid seal between the hollow heat 
exchange tubes 18 and the side of the heat exchanger portion 14 of the 
casing 12. The potting compound 78 fluidly seals the heat exchange fluid 
80 from the cardioplegia fluid 82 at each end 52, 54 of the heat 

10 exchanger portion 14. The blood outlet end 54 of the hollow heat 

exchange tubes 18 are fluidly connected to the bubble trap portion 16 
and the blood inlet end 52 of the hollow heat exchange tubes 1 8 are 
fluidly connected to the blood inlet port 22 through the blood inlet 
chamber 104 and the bottom cap 44. The blood outlet end 54 of the heat 

15 exchanger portion 14 is designed to extend beyond the top edge 56 of 
the bubble trap bottom section 46. This allows the potting compound 78 
to be easily trimmed away to expose the ends of the hollow heat 
exchange tubes 18. The heat exchange fluid 80 is preferably water, but 
may be any suitable heat exchange media. The cardioplegia fluid 82 may 

20 be cardioplegia fluid, blood, or a combination of cardioplegia fluid and 
blood. 

HOLLOW HEAT EXCHANGE TUBES 

Referring particularly to Figures 2, 10, and 1 1 , the heat exchanger 
25 portion 14 includes a heat exchanger bundle 70 comprised of a plurality 
of hollow heat exchange tubes 18 formed into a hollow tube mat 68 as 
shown in Fig. 10. The individual hollow heat exchange tubes 18 are 
preferably formed from a polyurethane resin such as B.F. Goodrich 
Estane™ 58091. 
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The hollow heat exchange tubes 18 preferably have an outside 
diameter of from about 0.025 inches (635 m m) to about 0.040 inches 
(1016 m m) and most preferably have an outside diameter of 0.033 
inches (840 m m). The hollow heat exchange tubes 18 also preferably 
5 have a wall thickness of about 0.002 inches (50 m m) to about 0.006 
inches (152 m m) and most preferably have a wall thickness of about 
0.004 inches (120 m m). The formation of hollow heat exchange tubes 
18 from polyurethane rather than stainless steel used in a variety of 
commercial units is advantageous because of biocompatability and the 

1 0 flexibility of the polyurethane tubes allows the hollow heat exchange 
tubes 18 to be formed into a hollow tube mat 68 and a heat exchanger 
bundle 70. The bundle configuration allows the reduction in surface area 
of hollow heat exchange tubes 1 8 needed to provide efficient heat 
exchange, which thereby reduces prime volume. 

15 In addition, while efficiency of the cardioplegia heat exchanger 10 

is an important design consideration, it is vital that there is no leakage 
between the heat exchange fluid 80 and the cardioplegia fluid 82. If the 
design of the cardioplegia heat exchanger 1 0 does not provide for a leak- 
proof seal between the heat exchange fluid 80 and the cardioplegia fluid 

20 82, hemolysis of red blood cells will result. The use of polyurethane for 
the hollow heat exchange tubes 1 8 instead of stainless steel coils and 
polyurethane for the end-potting compound 78 provides a leak-proof 
seal. The compatibility between the polyurethane of the hollow heat 
exchange tubes 1 8 and the potting compound 78 thereby greatly 

25 increases patient safety and therefore the effectiveness of the product. 

To maximize the performance characteristics of the heat 
exchanger portion 14 as a whole and to reduce prime volume, the 
present invention utilizes a hollow tube mat 68 which is then wound into 
a heat exchanger bundle 70. 
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Hollow heat exchange tubes 18 are weft knitted into a hollow tube 
mat 68 by a weft knitting machine. A hollow tube mat 68 is a flat, single 
layer arrangement of substantially parallel hollow heat exchange tubes 
18 knitted together in a spaced apart relationship by warp thread means 
5 72, as can be seen in Fig 1 0. Weft knitting machines are well known in 
the textile industry and are used extensively to knit fabric and the like. 
Machines are available from American Liba Inc. (Piedmont, SC) and Karl 
Mayer Machine Corp. (Greensboro, NC). 

Briefly, in constructing the hollow tube mat 68, a single strand of 

10 hollow heat exchange tube 18 is fed through a series of tension wheels 
with the tension preferably set at between 4-6 gms and most preferably 
at 5 gms. The strand of hollow heat exchange tube 18 is then threaded 
through a crochet needle positioned over warp thread means 72. 
Preferably from about 30-42 warp threads and more preferably 35-38 

15 warp threads and most preferably 37 individual multi-stranded warp 
threads, spaced at a distance of 5 mm, are threaded through the eyelet 
needles of a warp placing rail. The eyelet needle segments installed on 
the warp placing rail move up and down, as well as laterally to the left 
and right. 

2 0 Referring again to Fig 1 0, hollow heat exchange tubes 1 8 are 

disposed at regular lateral intervals along the entire length of the hollow 
tube mat 68. Hollow heat exchange tubes 18 are knitted together and 
maintained substantially parallel to each other by warp thread means 72 
running transversely to the hollow heat exchange tubes 18. The warp 
25 thread means 72 may be a multi-filament thread or ribbon or hollow fiber 
tape. 

The number of hollow heat exchange tubes 18 per centimeter is 
preferably from 5.7 to 9.5 tubes per centimeter, and most preferably is 
about 7.0 tubes per centimeter. It is not necessary for the spacing 

3 0 interval 74 between each hollow tube to be identical so long as it falls 
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within a range of approxinr»ately about 0.175 cm to 0.105 cm. The 
spacing interval 74 is calculated by measuring the distance between 
center A and center B of hollow heat exchange tubes 18. In the 
preferred embodiment the hollow tube mat 68 is continuous. 
5 The heat exchanger bundle 70 is obtained by winding the hollow 

tube mat 68 around itself forming a cylindrical heat exchanger bundle 70. 
The heat exchanger bundle 70 may be wound by machine. The heat 
exchanger bundle 70 contains a plurality of layers 77 of plies 76 of the 
hollow tube mat 68. The heat exchanger bundle 70 preferably contains 

10 from about 300 to about 425 and most preferably about 375 hollow heat 
exchange tubes 1 8. A hollow tube ply 76 is a single complete revolution 
of the heat exchanger bundle 70 of cut or continuous layer of the hollow 
tube mat 68. Successive layers of hollow tube mat 68 form substantially 
concentric plies 76 of hollow tube mat 68. The individual hollow heat 

15 exchange tubes 18 that comprise the plies 76 of the heat exchanger 
bundle 70 form a pattern of spaced apart interdigitation that allows for 
the uniform flow of heat exchange fluid thereby increasing heat 
exchange efficiency. 

As can be seen from Figs 1 0 and 1 1 , the warp thread means 72 

20 acts as a spacer between each parallel hollow heat exchanger tube 1 8 in 
the hollow tube mat 68, each ply 76, and all layers of plies 76 that 
comprise the heat exchanger bundle 70. The advantage of this 
uniformed spaced apart relationship between the individual hollow heat 
exchange tubes 1 8, each successive ply 76 and the layers in the heat 

25 exchanger bundle 70. as seen in Fig 1 1, is to control the distribution of 
heat exchange fluid 80 so that it is uniform throughout the heat 
exchanger bundle 70. This uniform fluid flow allows for high heat 
exchange efficiency. 

30 WATER PORTS 
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Referring particularly to Figures 2 and 3, the inlet water port 26 
and the outlet water port 28 are openings defined in the side of the 
casing 1 2 in the heat exchanger portion 1 4. The inlet and outlet water 
ports 26, 28 provide openings for a supply of heat exchange fluid 80, 
5 which is preferably water, to flow into the heat exchanger portion 14 and 
contact the outside of the hollow heat exchange tubes 18. Heat is 
thereby passed through the hollow heat exchange tubes 18 to or from 
the cardioplegia fluid 82 inside the hollow heat exchange tubes 18. The 
inlet water port 26 is preferably located towards the top end 48 of the 

10 main section 40 on the opposite side of the main section 40 as the blood 
outlet port 24. The outlet water port 28 is preferably located towards the 
bottom end 50 of the main section 40 also on the opposite side of the 
main section 40 as the blood outlet port 24. The inlet and outlet water 
ports 26, 28 are preferably located below the blood outlet end 54 of the 

15 heat exchanger portion 1 4. The inlet and outlet water ports 26, 28 are 
preferably Hansen type connectors or suitable equivalents. 

BUBBLE TRAP PORTION 

Referring particularly to Figures 2, 5, and 6, the bubble trap 

2 0 portion 1 6 is defined by the bubble trap bottom section 46 of the main 
section 40 and the bubble trap cap 42. The bubble trap portion 16 is 
shaped to allow the escape and release of air or gas from the 
cardioplegia fluid 82 through the main air release port 20 and the post 
screen release port 32. The main air release port 20 is an opening 

2 5 located at the top end of the bubble trap portion 1 6 which corresponds to 
the top end of the bubble trap cap 42 and the top end 98 of the casing 
12. Preferably the main air release port 20 is located directly over blood 
outlet end 54 of the heat exchanger portion 14, most preferably in the 
center of the bubble trap cap 42. The main air release port 20 may also 

30 be located to the side of the bubble trap portion 1 6, not directly over the 
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blood outlet end 54 of the heat exchanger portion 14. This main air 
release port 20 may also function as a pressure monitor port 36 or the 
pressure monitor port 36 may be provided as a separate opening in the 
bubble trap portion 16. Preferably, the shape and size of the bubble trap 
5 portion 1 6 is designed so that the flow of cardioplegia fluid 82 slows as it 
exits the blood outlet end 54 of the heat exchanger portion 14 so that air 
or gas in the cardioplegia fluid 82 can rise to the top of the fluid stream 
instead of being carried away in the fluid stream. Preferably, the blood 
outlet end 54 of the heat exchanger portion 14 extends above the bubble 

10 trap bottom wall 58 creating a drain 92. This allows the cardioplegia fluid 
82 to flow downwardly while the air or gas in the fluid flows upwardly. The 
bubble trap bottom wall 58 is preferably sloped gradually downward to 
the blood outlet port 24. The bubble trap bottom wall 58 may have a 
constant downward slope or preferably, the downward slope of bubble 

15 trap bottom wall 58 gradually increases as it nears the blood outlet port 
24. However, the bubble trap bottom wall 58 may also be substantially 
horizontal as shown in Figure 12. The bubble trap portion 16 preferably 
extends annularly around and partially below the blood outlet end 54 of 
the heat exchanger portion 14 forming an annular channel 102. The 

20 bubble trap portion 1 6 preferably creates a dome like area over and 
surrounding the blood outlet end 54 of the heat exchanger portion 14. 

Referring particularly to Figures 13. 14, 15, 16, and 17, the bubble 
trap portion 1 6 has an open cross sectional area 84, a heat exchanger 
cross sectional area 86, an effective heat exchanger cross sectional area 

25 88, a drain cross sectional area 90, and a vertical cross sectional area 
91 . As shown in Figure 13, the open cross sectional area 84 is the 
largest cross sectional area that the cardioplegia fluid 82 flows through 
after leaving the heat exchanger portion 14. In the present invention, the 
open cross sectional area 84 is the horizontal cross sectional area of the 

30 inside of the bubble trap portion 16. As shown in Figure 14, the heat 
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exchanger cross sectional area 86 is tiie horizontal cross sectional area 
of the heat exchanger portion 14. In the present invention, the heat 
exchanger cross sectional area 86 is the horizontal cross sectional area 
of the outside diameter of the heat exchanger portion 14. As shown in 
5 Figure 15, the effective heat exchanger cross sectional area 88 is the 
total fluid opening area of heat exchanger portion 14 at the blood outlet 
end 54 of the heat exchanger portion 14. In the present invention, the 
effective heat exchanger cross sectional area 88 is the total area of the 
horizontal cross sectional area of the inside diameter of the plurality of 

10 hollow heat exchange tubes 1 8 at the blood outlet end 54 of the heat 
exchanger portion 14. As shown in Figure 16, the drain cross sectional 
area 90 is the horizontal cross sectional area of the bubble trap portion 
16 where the cardioplegia fluid 82 is flowing downwardly before the 
cardioplegia fluid 82 exits the cardioplegia heat exchanger 10 through 

15 the blood outlet port 24. In the present invention, the drain cross 

sectional area 90 is the horizontal cross sectional area of the bubble trap 
portion 16 circumscribing the heat exchanger portion 14. The drain cross 
sectional area 90 in the present invention may vary from a maximum at 
the blood outlet end 54 of the heat exchanger portion 14 to a minimum at 

2 0 the blood outlet port 24. The drain cross sectional area 90 at the blood 
outlet end 54 of the heat exchanger portion 14 for the present invention 
is the open cross sectional area 84 minus the heat exchanger cross 
sectional area 80. The drain cross sectional area 90 at the blood outlet 
port 24 is the cross sectional area of the blood outlet port 24. 

25 As shown in Figure 17, the vertical cross sectional area 91 is the 

vertical cross sectional area of one side of the bubble trap portion 16. 
The vertical cross section is taken on a vertical plane through the center 
of the heat exchanger portion 14, and includes the area from the outside 
of the heat exchanger portion 14 to the inside of the bubble trap portion 

30 16 and from the blood outlet end 54 of the heat exchanger portion 1 4 to 
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the bubble trap bottom wall 58 or the shoulder of the blood outlet port 24, 
The vertical cross sectional area 91 preferably increases towards the 
blood outlet port 24. The vertical cross sectional area preferably has a 
maximum 91 a and a minimum 91 b. 
5 The open cross sectional area 84 is preferably from about 1 .70 

sq. in. to about 2.55 sq. in. and most preferably about 2.12 sq. in. The 
heat exchanger cross sectional area 86 is preferably from about 0.77 sq. 
in. to about 0.95 sq. in. and most preferably about 0.86 sq. in. The 
effective heat exchanger cross sectional area 88 is preferably from about 

10 0.15 sq. in. to about 0.21 sq. in. and most preferably about 0.18 sq. in. 
The drain cross sectional area 90 is preferably from about 1 .78 sq. in. to 
about 0.76 sq. in. and most preferably about 1 .27 sq. in. The vertical 
cross sectional area 91 at the blood outlet port 24 is preferably from 
about 0.10 sq. in. to about 0. 65 sq. in. and most preferably about 0.57 

15 sq. in. The vertical cross sectional area 91 at the point farthest away 
from the blood outlet port 24 is preferably from about 0.1 sq. in. to about 
0.65 sq. in. and most preferably about 0.12 sq. in. The ratio of the 
maximum vertical cross sectional area 91 to the minimum vertical cross 
sectional area 91 is preferably about 1 .0 to about 6.5 and most 

: 0 preferably about 5.4. 

The ratio of the open cross sectional area 84 to the effective heat 
exchanger cross sectional area 88 is preferably about 8.1 to about 17.0 
and most preferably about 1 1 .8. The ratio of the drain cross sectional 
area 90 to the effective heat exchanger cross sectional area 88 is 

2 5 preferably about 3.6 to about 1 1 .9 and most preferably about 7.0. The 

ratio of the open cross sectional area 84 to the drain cross sectional area 
90 is preferably about 1 .4 to about 2.3 and most preferably about 1 .7. 

The increase in cross sectional area from the heat exchanger 
portion 1 4 to the bubble trap portion 1 6 causes the fluid to slow as it 

3 0 flows through the bubble trap portion 1 6, allowing better release of air or 
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gas from the fluid. The bubble trap portion 16 has a blood separation 
chamber 106 that has a volume of about 25 ml. The blood separation 
chamber 106, for the present invention, includes the entire volume of the 
bubble trap portion 16. If a screen 30 were included without a post 
5 screen air release port 32 then the blood separation chamber 1 06 would 
be the volume of the bubble trap portion 16 upstream of the screen 30. 
The bubble trap portion 1 6 has a prime volume of preferably from about 
20 ml to about 50 ml and most preferably about 25 ml and the total prime 
volume of the cardioplegia heat exchanger is preferably from about 40 ml 

10 to about 70 ml and most preferably about 45 ml. 

The blood outlet port 24 is an opening defined in the bubble trap 
portion 1 6 of the casing 1 2. The blood outlet port 24 is preferably located 
in the bubble trap bottom wall 58 of the bubble trap portion 1 6. The 
bubble trap bottom wall 58 and the sides of the bubble trap portion 16 

15 preferably gradually slope into a downwardly extending blood outlet port 
24. The blood outlet port 24 is preferably a standard connection port for 
connecting blood or cardioplegia lines. 

The bubble trap portion 16 preferably defines a temperature port 
34. The temperature port 34 is preferably located just above the blood 

2 0 outlet port 24 in the side of the bubble trap portion 1 6, preferably in the 

bubble trap bottom section 46. The temperature port 34 is preferably a 
standard YSI 400 temperature probe. 

The bubble trap portion 1 6 preferably defines a post screen air 
release port 32. The post screen air release port 32 is an opening 
25 located preferably in the side of the bubble trap cap 42 after or below the 
top of the screen 30 in the cardioplegia fluid flow path. The post screen 
air release port 32 provides an escape route for entrapped air in the 
cardioplegia fluid 82. 

The bubble trap bottom section 46 Is preferably integrally molded 

3 0 with the main section 40. However, the bubble trap bottom section 46 
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could be attached to the main section 40 by adhesive, sonic welding or 
other attachment means; 

BOTTOM CAP 

5 Referring particularly to Figures 2 and 7, the bottom cap 44 fluidly 

connects the blood inlet end 52 of the heat exchanger portion 14 to the 
blood inlet port 22. The blood inlet port 22 is an opening defined in the 
casing 1 2 and preferably is a standard sized connection for attachment 
to blood or cardioplegia fluid lines. The bottom cap 44 and the blood inlet 
10 end 52 of the heat exchanger portion 14 define a blood inlet chamber 
104. 

The bottom cap 44 may also define an air bolus release port 38 in 
the side of the bottom cap 44. The air bolus release port 38 allows the 
release of air entrapped in the cardioplegia fluid 82 inside the blood inlet 

15 chamber 104. As cardioplegia fluid 82 flows from the blood inlet port 22 
to the blood inlet end 52 of the heat exchanger portion 14 and hollow 
heat exchange tubes 18, air bubbles or bolus become trapped in the 
blood inlet chamber 104, particularly along the bottom edge of the heat 
exchanger portion 14 at the entrance to the hollow heat exchange tubes 

20 18. The air bolus release port 38 allows the release of the air bolus by 
opening the air bolus release port 38 and releasing the built-up gas or 
air. 

The bottom cap 44 may also include a blood outlet line clip 66. 
The blood outlet line clip 66 may be a C-shaped clip integrally molded 
2 5 with the bottom cap 44 for removably holding a blood outlet (cardioplegia 
fluid) line. The blood outlet line clip 66 is vertically aligned with the blood 
outlet port 24 providing easier access to the blood or cardioplegia fluid 
lines. 

30 SCREEN 
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Referring particularly to Figures 3, 8, and 9, the cardioplegia heat 
exchanger 10 may also preferably include a screen 30. The screen 30 is 
comprised of a frame 94 and screening 96. The screening 96 is 
microporous, with preferably from about 50 to about 150 micron and 
5 most preferably about 1 05 micron openings. The screening 96 is 
preferably constructed of polyester. The frame 94 is preferably 
constructed of a polyethylene or polypropylene. 

The screen 30 has the shape of a truncated cone with a narrow 
end 62 and a wide end 64. The screen 30 is located in the bubble trap 

10 portion 16 and provides a screened barrier between the blood outlet end 
54 of the heat exchanger portion 14 and the blood outlet port 24. 
Referring particularly to Figure 2, the screen 30 is positioned with the 
narrow end 62 of the screen 30 circumscribing the outside of heat 
exchange portion 14 below the blood outlet end 54 and above the bubble 

i 5 trap bottom wall 58. The screen 30 is positioned with the wide end 64 of 
the screen 30 contacting the top of the bubble trap portion 16 at the 
bubble trap cap 42 and the top end 98 of the case 12. The screen 30 is 
located at least partially below the blood outlet end 54 of the heat 
exchanger portion 14. The screen 30 is located at least partially below 

20 the blood outlet end 54 of the heat exchanger portion 14 allowing the 
blood to flow downwardly through the screen 30. The screen 30 is 
located at least partially in the drain 92. The drain 92 being the area of 
the bubble trap below the blood outlet end 54 of the heat exchanger 
portion 14. 

25 The screen 30 is positioned on a base 1 08. As shown in Figures 3 

and 4, the base 108 is defined by an edge 1 10 circumscribing the heat 
exchanger portion 14, preferably just above the bubble trap bottom wall 
58. The base 108 and edge 110 provide a surface upon which the 
narrow end 62 of the screen 30 may be fluidly sealed and that may be 

3 0 manufactured with a consistent distance from the top end 98 of the 
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casing 1 2 so that the wide end 64 of the screen 30 may be f luidly sealed 
to the top of the bubble trap portion 14. 

The narrow end 62 of the screen 30 also has flattened surfaces 
112 along the inside circumference of the narrow end 62 designed to 
V 5 mate with similar mating surfaces 1 14 along the outside circumference of 

the heat exchanger portion 14 as shown in Figure 3. The flattened 
surfaces 112 and the mating surfaces 114 provide a more stable joint 
sealing surface and keep the screen from rotating or moving. 

10 IN OPERATION 

Referring particularly to Figure 2, in operation cardioplegia fluid 82 
flows into the cardioplegia heat exchanger 10 through the blood inlet port 
22, into the blood inlet chamber 104, passing through the bottom cap 44, 
into the hollow heat exchange tubes 18. out the blood outlet end 54 of 

15 the heat exchanger portion 14, into the bubble trap portion 16, into the 
drain 92 and through the screen 30, and out the blood outlet port 24. . 
Heat exchange fluid 80 flows into the inlet water port 26 into the heat 
exchanger portion 14 circulating about the outside of the hollow heat 
exchange tubes 18. and out of the outlet water port 28. As the heat 

20 exchange fluid 80 contacts the hollow heat exchange tubes 18 heat is 
transferred to the heat exchange fluid 80 from the cardioplegia fluid 82 
cooling the cardioplegia fluid 82 as needed. Heat may also be 
transferred to the cardioplegia fluid 82 from the heat exchange fluid 80 to 
heat the cardioplegia fluid 82 as needed. 

25 Although the description of the preferred embodiment has been 

presented, it is contemplated that various changes, including those 
mentioned above, could be made without deviating from the spirit of the 
present invention. It is therefore desired that the present embodiment be 
considered in all respects as illustrative, not restrictive, and that 
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reference be made to the appended claims rather than to the foregoing 
description to indicate the scope of the invention. 
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CLAIMS 

1 . A heat exchanger comprising: 

a) a hollow casing having a top end and a bottom end. 
said hollow casing defining a heat exchanger portion and a 

5 bubble trap portion; 

b) a plurality of hollow heat exchange tubes potted 
within said heat exchanger portion, said heat exchanger 
portion having a blood inlet end and a blood outlet end; 

c) said bubble trap portion defined at said top end of 
10 said hollow casing, said bubble trap portion defining an air 

release port and a blood outlet port, said bubble trap 
portion extending annularly around and partially below said 
blood outlet end of said heat exchanger portion; 

d) said hollow casing further defining a blood inlet port 
15 at said bottom end; and 

e) said hollow casing further defining an inlet water port 
and an outlet water port. 

2. The heat exchanger of claim 1 wherein said bubble trap portion has a 
20 downwardly sloping bottom wall connected to said blood outlet port. 

3. The heat exchanger of claim 2 wherein said bubble trap portion 
decreases in horizontal cross sectional area towards said blood outlet 
port. 



25 



4, The heat exchanger of claim 3 wherein said bubble trap portion has a 
vertical cross sectional area, said vertical cross sectional area increasing 
towards said blood outlet port. 
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5. The heat exchanger of claim 4 wherein said vertical cross sectional 
area has a maximum vertical cross sectional area and a minimum cross 
sectional area, said maximum and minimum having a ratio of from about 

I. 0 to about 6.5. 

5 

6. The heat exchanger of claim 5 wherein said maximum and minimum 
have a ratio of about 5.4. 

7. The heat exchanger of claim 1 wherein said bubble trap portion has 
10 an open cross sectional area and an effective heat exchanger cross 

sectional area, wherein a ratio of said open cross sectional area to said 
effective heat exchanger cross sectional area is from about 8.1 to about 
17.0. 

15 8. The heat exchanger of claim 7 wherein said ratio of said open cross 
sectional area to said effective heat exchanger cross sectional area is 
about 11.8. 

9. The heat exchanger of claim 1 wherein said bubble trap portion has 
20 an open cross sectional area and a drain cross sectional area, wherein a 

ratio of said open cross sectional area to said drain cross sectional area 
is from about 1 A to about 2.3, 

10. The heat exchanger of claim 9 wherein said ratio of said open cross 
25 sectional area to said drain cross sectional area is about 1 .7. 

I I . The heat exchanger of claim 1 wherein said bubble trap portion has 
a drain cross sectional area and an effective heat exchanger cross 
sectional area, wherein a ratio of said drain cross sectional area to said 
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effective heat exchanger cross sectional area is from about 3.6 to about 
11.8. 

12. The heat exchanger of claim 1 1 wherein said ratio of said drain 
5 cross sectional area to said effective heat exchanger cross sectional 

area is about 7.0. 

13. The heat exchanger of claim 1 wherein said bubble trap portion has 
a drain cross sectional area, an effective heat exchanger cross sectional 

10 area, and an open cross sectional area; wherein a ratio of said drain 
cross sectional area to said effective heat exchanger cross sectional 
area is from about 3.6 to about 1 1 .8, a ratio of said open cross sectional 
area to said drain cross sectional area is from about 1 .4 to about 2.3, 
and a ratio of said open cross sectional area to said effective heat 

15 exchanger cross sectional area is from about 8.1 to about 1 7.0. 

14. The heat exchanger of claim 13 wherein said ratio of said drain 
cross sectional area to said effective heat exchanger cross sectional 
area is about 7.0, said ratio of said open cross sectional area to said 

20 drain cross sectional area is about 1 .7, and said ratio of said open cross 
sectional area to said effective heat exchanger cross sectional area is 
about 1 1 .8. 

15. The heat exchanger of claim 1 wherein said bubble trap portion 
2 5 provides for a microporous screen. 

16. The heat exchanger of claim 15 wherein said microporous screen is 
positioned at least partially below said blood outlet end of said heat 
exchanger portion. 

30 
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17. The heat exchanger of claim 15 further comprising an air release 
port downstream of said microporous screen. 

18. The heat exchanger of claim 1 wherein said air release port is 
5 located directly above said blood outlet end of said heat exchanger 

portion. 

19. The heat exchanger of claim 1 wherein said water inlet port and said 
water outlet port are located below said blood outlet end of said heat 

1 0 exchanger portion. 

20. The heat exchanger of claim 1 further comprising a temperature 
port. 

15 21 . The heat exchanger of claim 1 further comprising a pressure monitor 
port. 

22. The heat exchanger of claim 1 further comprising an air bolus 
release port upstream of said blood inlet end of said heat exchanger 

20 portion. 

23. The heat exchanger of claim 1 wherein said plurality of hollow tubes 
number from about 300 to about 425. 

25 24. The heat exchanger of claim 1 wherein said plurality of hollow heat 
exchange tubes are knitted together in a substantially parallel, spaced 
apart relationship, said plurality of hollow heat exchange tubes forming 
layers of stacked substantially parallel plies. 

30 25. A heat exchanger comprising: 
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a) a hollow casing having a top end and a bottom end, 
said hollow casing defining a heat exchanger portion and a 
bubble trap portion; 

b) a plurality of hollow heat exchange tubes potted 

5 within said heat exchanger portion, said heat exchanger 

portion having a blood inlet end and blood outlet end; 

c) said bubble trap portion defined at said top end of 
said hollow casing, said bubble trap portion defining an air 
release port and a blood outlet port; 

10 d) said hollow casing further defining a blood inlet port 

at said bottom end; and 

e) said hollow casing further defining an inlet water port 
and an outlet water port; and 

f) a microporous screen positioned in said bubble trap 
15 portion. 

26. The heat exchanger of claim 25 further comprising an air release 
port downstream of said microporous screen. 

2 0 27. The heat exchanger of claim 25 wherein said microporous screen is 
positioned at least partially below said blood outlet end of said heat 
exchanger portion. 



28. The heat exchanger of claim 25 further comprising a temperature 
2 5 port. 



29. The heat exchanger of claim 25 further comprising a pressure 
monitor port. 

30 30. A heat exchanger comprising: 
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a) a hollow casing having a top end and a bottom end, 
said hollow casing defining a heat exchanger portion and a 
bubble trap portion; 

b) a plurality of hollow heat exchange tubes potted 
within said heat exchanger portion, said heat exchanger 
portion having a blood inlet end and blood outlet end; 

c) said bubble trap portion defined at said top end of 
said hollow casing, said bubble trap portion defining an air 
release port and a blood outlet port; 

d) said hollow casing further defining a blood inlet port 
at said bottom end; 

said hollow casing further defining an inlet water port 
and an outlet water port; and 
f) an air bolus release port upstream of said blood inlet 

end of said heat exchanger portion. 

31 . The heat exchanger of claim 30 wherein said plurality of hollow 
tubes number from about 300 to about 425. 
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Fig. 2 
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Fig. 4 
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Fig. 8 




Fig. 9 
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Fig. 13 




Fig. 14 
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